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5 5 substrate thiolate, and one water molecule (iv). Although there are many highly conserved residues in IPNS, the three iron ligands are so far the only ones that seem to be critical for activity (the D216E mutation retains 1 % activity) (xviii -xx). Iron is in the high-spin Fe(II) state (S=2) (ix). This is the preferred spin state for this family of enzymes and reflects the weak ligand field of the coordinating amino acids (xxi).
Substrate binding increases the enzyme's affinity for oxygen, either by increasing the hydrophobicity of the active site (xvi) and/or by tuning the Fe(II)/Fe(III) redox potential. No O 2 -bound state has yet been experimentally observed, instead an NO-bound analogue serves as a model compound (xi,xii,xxii) . NO binds in a position trans to Asp216, and it is assumed that O 2 binds in the same position (see Scheme 2).
Kinetic isotope effects (xxiii ) and the crystallographic observation of a monocyclic β-lactam ring in the substrate analogue ACmC (xiii) suggest that formation of the four-membered β-lactam ring is completed before formation of the C-S bond in the five-membered thiazolidine ring. The iron-bound dioxygen species should therefore first activate the cysteine β-C-H bond, leading to a ferrous peroxide (Fe(II)-OOH). According to the proposal in reference iv, the peroxide should then abstract the valine N-H proton to generate a ferryl-oxo (Fe(IV)=O) species and a water molecule. Concerted with ferryl-oxo formation, the valine nitrogen performs a nucleophilic attack on the cysteine β-carbon, which leads to cyclization of the β-lactam ring.
Generation of a high-valent ferryl-oxo species is a common theme, shared by many nonheme iron enzymes. This intermediate is often formed by oxidation of a cofactor like α-keto-acid or tetrahydrobiopterin (vi) but in IPNS it is generated by the two-electron oxidative cyclization of the substrate. There is little doubt that a ferryl-oxo intermediate is formed in IPNS, but a previous study using density-functional theory (DFT) disfavored parts of the mechanism 6 6 proposed in reference iv, because the barrier for O-O bond cleavage was prohibitively high (xxiv). An alternative mechanism was suggested instead, but a re-examination of the results from reference xxiv raised some questions regarding this alternative proposal.
After β-lactam ring formation, the enzymatic mechanism seems straightforward. The high-valent ferryl-oxo species is a powerful oxidant and can be used in a variety of reactions, e.g. oxygenations, hydroperoxidations and epoxidations. In IPNS it should activate the C-H bond of the tertiary valine β-carbon. This creates a carbon-centered substrate radical and a ferric-hydroxy (Fe(III)-OH) species. Independent deuterium kinetic isotope effects for both the cysteine β-carbon and for the valine β-carbon suggest that both C-H activation steps are at least partially rate-limiting (xxv).
The aliphatic carbon radical then attacks the cysteine thiolate to close the thiazolidine ring and complete the formation of isopenicillin N (see Scheme 2). An alternative reaction, observed in many other enzymes that form ferryl-oxo intermediates, is hydroxylation of the substrate in an oxygen rebound mechanism (vi). The reason why IPNS preferentially catalyzes ring formation rather than hydroxylation still remains to be explained, and will be addressed in the present study.
The present re-investigation of the catalytic mechanism in IPNS using density functional modeling was prompted by the new information available from experimental (vii) and theoretical (xxvi,xxvii ) studies recently performed on other members of the 2-histidine-1-carboxylate enzyme family. The purpose of the present study is to find a mechanism for O-O bond heterolysis, consistent with the experimentally estimated reaction barrier of 16.8 kcal/mol (xxviii ). The expected accuracy of density functional calculations for transition metal enzymes is in the 5 kcal/mol range. This level of accuracy makes it difficult to calculate and compare exact 7 7 rates of individual steps, but the method is in general accurate enough to discriminate between different mechanistic proposals for the same reaction.
COMPUTATIONAL METHODS
All calculations were performed on an active-site model of the iron center. The model includes Fe, the side chains of the amino acids coordinating iron (His214, Asp216, and His270), the water ligand (WAT398) (iv), and the cysteine-valine part of the substrate where the chemical transformation occurs (see Figure 1 ). Only the first-shell amino acids have been included, partly because they are the only ones known to be essential for catalysis (xviii). Histidine is modeled as 4-methylimidazole, and aspartate is modeled as acetate. The initial model system (Model A) consists of 65 atoms.
Initial coordinates are taken from the X-ray structure 1BLZ (1.45 Å resolution), which represents the ACV-Fe(II)-NO state, and NO is replaced by O 2 . To avoid artificial changes in geometry caused by an incomplete hydrogen-bond network in the truncated model, Cartesian coordinates of selected atoms were kept frozen during optimizations (see Figure 1) . However, during the reaction, the substrate goes from a linear molecule to a bicyclic one, and the coordinates of the substrate can therefore not be kept frozen in the same position during the entire reaction. To minimize problems with artificial hydrogen bonds, two changes are made to the model during the reaction. Starting from the full model described above (Model A), Model B excludes the carboxylate group before the closing of the β-lactam ring, while Model C also excludes the water molecule formed after O-O bond heterolysis (see Figure 1) . Model A has a net charge of -1 while models B and C are neutral. Electronic energies are corrected by adding zero-point, thermal and solvent contributions.
These effects are evaluated using the same basis set as in the optimization (6-31G(d)). Zero-point energy and thermal corrections are taken from un-scaled frequencies of a fully optimized model without methyl groups on the amino-acid models. Zero-point corrections are important for the C-H bond activation steps because they lower the barriers of these steps by 3-5 kcal/mol. Solvent corrections are calculated using IEFPCM (xxxiii ) with a dielectric constant of 4, mimicking the interior of a protein. In the present calculations, the solvent effects are particularly large for 
RESULTS AND DISCUSSIONS
The modeled mechanism for formation of isopenicillin N involves a large number of stationary points. To facilitate the discussion, stationary points are assigned numbers (appearing in bold face) based on the order they appear along the reaction coordinate. The most stable O 2 -bound state is a septet with side-on coordination (both oxygen atoms coordinate to iron) ( 7 1) and this is taken as the reference (zero) of energy. The relative energy of the most stable quintet state ( 5 2 with end-on coordination having one coordinating oxygen) is +2.9 kcal/mol (see Figure 3) . With the present accuracy, this energy difference is too small to allow a definite assignment of the spin state in the enzyme. Both these states are assigned as ferric-superoxo states and the major difference is the alignment of the spin on the superoxo radical (parallel or antiparallel to the spins on iron). There exists also a triplet state ( 3 2) at +4.2 kcal/mol. This state has substantial Fe(II)-O 2 character with a slightly shorter O-O bond (see reference xxxiv for details).
Dioxygen binding to the high-spin iron center removes the constraints of a formally spinforbidden reaction between triplet oxygen and the closed-shell ACV substrate. According to Scheme 2, the next step is activation of the Cys-β-C-H bond. Brown et al have recently shown 12 that the frontier molecular orbital of the Fe(III)-superoxide, the O 2 π* orbital, is oriented so that it forms a σ overlap with the hydrogen (xxii).
Proceeding from the stable reactant ( 7 1) on the septet surface, a transition state ( 7 3) is reached at 20.6 kcal/mol. This leads to a high-spin ferric peroxide (Fe(III)-OOH) and a substrate radical centered on the β-carbon ( 7 4 INT at 11.0 kcal/mol). To reach a septet state, the spin on the substrate radical is necessarily aligned in parallel with the spins of the five d-electrons in Fe(III).
Although the quintet state is not the stable reactant, the reaction on the quintet surface turns out to be more favorable because it leads to a more stable product. On the quintet surface, the barrier for Cys-β-C-H activation ( 5 3 TS) is at 14.6 kcal/mol, significantly lower than on the septet surface. This step should be at least partially rate-limiting, and compared to the experimental barrier of 16.8 kcal/mol, the presently calculated barrier is slightly underestimated.
Because the reaction occurs on the quintet surface, a transition between the septet and the quintet surfaces must occur. The most stable conformation on the quintet surface is end-on binding of dioxygen ( 5 2 INT) (see reference xxxiv for details). Previous calculations on similar active sites showed that the minimum-energy crossing point between septet and quintet was located <1 kcal/mol above the quintet structure (xxvi). Together with strong spin-orbit coupling in the transition-metal system, the spin transition should therefore be very fast and not affect the rate of the reaction. This assignment can be derived from the low spin density on the cysteine β-carbon (-0.07), the spin population on iron (3.81), the shorter C-S distance (1.64 Å compared to 1.85 Å in the reactant), and the longer S-Fe distance (2.65 Å compared to 2.32 Å in the reactant), see Figure 4 for details.
The very large difference in stability between the septet ( 7 4) and the quintet ( 5 4) intermediates can be explained by an additional electron transfer from the substrate to iron. This electron transfer can only take place in the quintet state, because the unpaired substrate electron must be transferred to an empty β-orbital on Fe(III). Activation of the Cys-β-C-H bond thus leads to abstraction of one proton and two electrons from the substrate. This may not seem consistent with the reaction described by transition state 5 3, since it has all the characteristics of a hydrogen atom transfer, with significant spin (0.39) developing on the carbon atom (see Figure   2 There appears to be a relatively straightforward reason why Cys-β-C-H activation, and therefore β-lactam ring formation, occurs prior to Val-β-C-H activation. Looking at the substrate model only, the strength of the Cys-β-C-H bond is significantly lower (by 11 kcal/mol) than that of the Val-β-C-H bond. Carbon-centered radicals are stabilized in dialkyl sulfides (xxxviii) and the presence of the thiolate should therefore make the C-H bond weaker. The transfer of the second substrate electron to iron also helps to stabilize the transition state 5 3. The Cys-β-C-H bond can therefore be activated by the comparably weaker oxidant Fe(III)-OO -, while the corresponding bond of the valine β-carbon can only be activated by the strong Fe(IV)=O oxidant, formed after O-O bond heterolysis.
The description of the C-H activation step in the present study is different from that of the previous DFT study by Wirstam et al (xxiv) . In that study, the presently proposed mechanism was not supported because the barrier for C-H activation was only 1.1 kcal/mol, which is not consistent with kinetic isotope experiments showing that this step is partially rate limiting (xxiii).
A possible explanation of the results in reference xxiv is that the low barrier is caused by an unstable electronic configuration in the reactant. 
B. O-O bond cleavage and β-lactam ring formation.
After generation of the peroxide intermediate, a seemingly attractive mechanism is abstraction of the valine N-H proton by the peroxide to generate a ferryl-oxo (Fe(IV)=O) species and a water molecule. At the same time, the valine nitrogen should perform a nucleophilic attack on the cysteine β-carbon, which leads to formation of the β-lactam ring (see Scheme 2).
However, as mentioned in the Introduction, one of the main conclusions from the previous DFT study of isopenicillin N synthase was that this mechanism had an exceedingly high barrier Another common feature for the three enzymes shown in Scheme 3 is that O-O bond cleavage is not the rate-limiting step. Instead the barrier for two-electron oxidation of the cofactor (or substrate in the case of IPNS) is consistently higher.
Despite the overall similarities, there are also differences among the three reactions in Scheme 3. Most noticeably, in the pterin-dependent hydroxylases and clavaminate synthase the O 2 group initially binds in a position trans to a histidine ligand while in IPNS it binds trans to the carboxylate. Another difference is that the clavaminate synthase active site is modeled as fivecoordinate after release of CO 2 in the preceding reaction, while the other models are sixcoordinate. The barrier for O-O bond cleavage is higher in IPNS than in the pterin-dependent hydroxylase and clavaminate synthase (9.8 kcal/mol compared to 4.8 and 4.7 kcal/mol respectively). Figure 6 ) the spin on iron is 3.21 while substantial spin is located on the oxo group (Mulliken spin of 0.46). The Fe-O bond formally has double-bond character that originates from the distribution of eight electrons in five FeO orbitals (σ, π, π*). Since the two π* orbitals are singly occupied, this causes significant spin to be assigned to oxygen. The identity of the Fe(IV)-oxo state is supported by the calculated Fe-O distance of 1.64 Å, which is similar to experimentally measured distances for Fe(IV)=O complexes (1.62 Å) (xlii,xliii ) . Experiments suggest that the high-spin complex is the most stable (xliv ) and computationally, triplet ( 3 9) and septet ( To finally close the β-lactam ring, the substrate should lose the valine N-H proton and form a bond between the cysteine β-carbon and the valine nitrogen. Formation of the C-N bond recreates the negative thiolate ligand, a process that is likely to increase the proton affinity of the water-derived iron ligand and lead to its protonation. From a modeling perspective, this is a complicated reaction that requires an accurate description of the correct acceptor of the N-H proton, the proton-transfer pathway to the hydroxo ligand, and the changes in hydrogen bond patterns that occur during the reaction. The present model is too limited to take all these factors into account. However, to illustrate that the barrier is not prohibitively high, a mechanism for ring closure has still been calculated. Neither the barrier nor the exact reaction mechanism should probably be taken literary and, due to the tentative nature of this mechanism, it will be only briefly described.
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The assumption that the Fe-OH ligand directly accepts the Val-N-H proton is reasonable and enables a potential energy profile to be constructed without use of any external parameters, i.e. proton affinities of the surrounding media. In the modeling, the newly formed water molecule act as a proton shuttle between the substrate and the hydroxo group. The substrate carboxylate is removed from the model to avoid the formation of artificial hydrogen bonds (Model B).
On the uncorrected surface, closing of the β-lactam ring proceeds through several stationary points but after all corrections have been added, only one transition state remains ( 5 12 TS in Figure 6 ). The presence of a single transition state shows that ring closure is a concerted reaction with proton transfer from the valine N-H group to the Fe-OH ligand occurring simultaneously with C-N bond formation. Although the optimized transition structure ( 5 12 TS)
shows that proton transfer has been completed at an early stage of the reaction, this might be an artifact from the optimization on the uncorrected potential energy surface.
The calculated barrier for β-lactam formation through 5 12 TS is relatively high, 18.4 kcal/mol. This barrier is close to the experimental limit of 16.8 kcal/mol and could represent another rate-limiting step of the IPNS reaction. The common interpretation is that IPNS has two rate-limiting steps, activation of the valine and the cysteine β-C-H bonds, but the proposed mechanism does not contradict the available experimental data.
First, the present accuracy only allows a determination of relative energies with an accuracy of 3-5 kcal/mol. In addition, the present mechanism is tentative and lower barriers could exist for other proton transfer pathways. The exact height of the barrier must therefore be treated with considerable caution. If the barrier is 3-5 kcal/mol lower (i.e. 13-15 kcal/mol), it will be kinetically silent compared to the C-H activation steps where the barriers experimentally are known to be around 17 kcal/mol.
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Second, the suggestion of two rate-limiting steps is based on kinetic isotope experiments that show independent effects for both cysteine β-C-H and valine β-C-H protons (xxiii).
Although these experiments clearly show that no other reaction step can have a higher barrier, the results do not exclude a third reaction step with a marginally lower barrier. Deuterium substitution increases the barriers of the C-H bond activation steps, and the kinetic effect of a potential third step would largely disappear.
A signature of a third rate-limiting step would be an isotope effect also for the valine-N-H proton. Unfortunately, the lack of an effect would not be conclusive. It could either mean that the barrier for β-lactam ring formation is lower than presently modeled, or that the ring closure transition state is dominated by formation of the C-N bond (as in 5 12 TS).
In total, formation of the monocyclic β-lactam form of the substrate ( 5 13 INT) from the open form ( 5 9 INT) is slightly exothermic (see Figure 5 ). The open form should therefore not be observed in equilibrium conditions, but could possibly be detected as a metastable species.
Crystallographic studies of the substrate analogue AcMC, that cannot undergo the second ring formation step, show that the closed β-lactam ring (xiii) is indeed the stable form.
Despite the Fe-center not being redox active during the reaction, β-lactam ring formation does probably not occur before generation of the Fe(IV)=O species (i.e. from intermediate 5 5).
Ring closure regenerates the thiolate ligand since it breaks the C=S double bond (see Scheme 2), and this reaction is more favored when the oxidation state of iron is Fe(IV) compared to Fe(II).
The detailed reaction mechanism cannot be calculated with the present model, because there is no suitable acceptor for the valine N-H proton (in intermediate 5 5 the iron ligand is still water, not a hydroxo group). However, the energy required to shorten the C-N bond without proton transfer is significantly lower in 5 9 INT (Fe(IV)) than in 5 5 INT (Fe(II)).
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C. Val-β-C-H activation and thiazolidine ring formation.
The final stage of the reaction is activation of the C-H bond of the valine isopropyl group by Fe(IV)-oxo, followed by formation of the second substrate ring. The modeled reaction supports the mechanistic proposal in Scheme 2. The reaction is complicated by the fact that in the X-ray structure, the Val-β-C-H bond actually points away from the iron center. A possibility is that the valine isopropyl group rotates during formation of the β-lactam ring, but in the present model, this did not occur (see 5 13 INT in Figure 7 ). In an active-site model, the isopropyl group can be easily rotated so that the C-H bond faces the iron center ( 5 14 INT). The Fe(IV)-oxo group then abstracts a hydrogen from the valine isopropyl group with a total barrier of 15.3 kcal/mol (see 5 15 TS in Figures 5 and 7) . In this step, the high-spin Fe(IV)=O complex is transformed into a high-spin Fe(III)-OH species, while the unpaired electron of the aliphatic radical has its spin aligned opposite to the spins on the ferric iron. The calculated barrier of 15.3 kcal/mol is rather close to 14.6 kcal/mol calculated for the other rate-limiting step, activation of the cysteine β-C-H bond ( 5 3 TS).
The substrate radical is proposed to be a short-lived reaction intermediate ( 5 16 INT in Figure 8 ). Compared to the most stable Fe(IV)=O state ( 5 13 INT), the relative energy of this state is -1.8 kcal/mol (see Figure 5 ). The unpaired electron on carbon does not couple strongly with the electrons on iron so for this intermediate there exists a close-lying septet state ( 7 16).
However, the septet state is unstable both in the forward and backward directions and should therefore not participate in the reaction.
In the final step, the carbon radical attacks the thiolate coordinating to iron and forms a new C-S bond, thus closing the thiazolidine ring and completing the formation of the bicyclic The final product is a bicyclic substrate with both β-lactam and thiazolidine rings, weakly coordinated to an Fe(II) complex. In the present active-site model, the IPN product loses coordination to iron (Fe-S distance of 4.2 Å), which is not supported by X-ray data (Fe-S distance of 2.87 Å) (xiii). With a relative weak coordination, the exaggerated mobility of the active-site model leads to formation of artificial hydrogen bonds that successfully compete with iron coordination. As a consequence, the exothermicity of the final step may therefore be slightly overestimated with the small basis set. Large basis, and solvent corrections may instead favor the tighter bound structure and for a given structure it is difficult to know which effect that will dominate. In any case, the relative energy of the product should be considered as approximate.
The results for thiazolidine ring formation are very similar to those obtained in the previous DFT study (reference xxiv). However, the increased model size, i.e. including the methyl groups close to the valine β-carbon, significantly stabilizes the carbon radical intermediate. ligand to complete the formation of two water molecules from dioxygen should therefore be relatively straightforward.
Finally, an attempt was made to understand why IPNS performs oxidative cyclization instead of substrate hydroxylation (i.e. prefers the rebound of sulfur over the rebound of oxygen).
Starting from the substrate radical intermediate 5 16, formation of the C-O bond occurs concerted with an electron transfer from substrate to iron (TS 5 17H in Figure 8 ). The calculated barrier is 8.2 kcal/mol, i.e. 3.7 kcal/mol higher than the corresponding barrier for C-S bond formation (4.5 kcal/mol). Electronically, the two transition states look rather similar with a small amount of spin transferred from the substrate radical to the iron center (see Figure 8 ). However, hydroxylation requires a rotation of the hydroxo ligand away from its equilibrium position in intermediate
where the hydrogen points directly at the substrate carbon radical. This leads to an initial increase in energy. Another factor that computationally favors the cyclization reaction is the entropy. A possible explanation of the entropy effect is that hydroxylation anchors the substrate to the iron center at two points (thiolate and hydroxo group) while cyclization leads to a single weak iron-thiol ligation with higher substrate flexibility.
When comparing the two products, the hydroxylated substrate is actually more stable than the observed isopenicillin N product. This is counterintuitive, because the factors disfavoring the hydroxylation transition state should also disfavor the hydroxylation product.
However, the transition to a ferrous state leads to changes not directly connected to the transition state, i.e. relaxation of the iron coordination sphere that can favor the new orientation of the hydroxo group. It is also difficult to accurately calculate the relative energy of the two product states. As an example, the entropy calculation may break down for structures with very long and weak metal coordination bonds.
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The calculations give the correct energetic ordering of the two transition states, i.e.
hydroxylation is more than 100-fold slower than ring formation. The difference in barrier height can be the dominating factor in determining the selectivity of the final reaction step. Still, the energetic separation between the two rebound barriers is relatively small and energy differences in the 3-5 kcal/mol range is at the accuracy limit of the present computational method.
When it comes to the final reaction step, there exist significant similarities between IPNS and the α-keto-acid-dependent halogenases. Halogenases are believed to form a substrate radical through C-H bond activation and the substrate then undergoes halogenation rather than hydroxylation. Recent results from density functional modeling of a biomimetic complex, that catalyze substrate chlorination through a similar route as the halogenases, show that the energetic barriers for the two competing reactions are too similar to explain the observed selectivity (xlv).
More detailed calculations, e.g. including the full protein environment, may be required to fully understand the selectivity, both in the halogenases and in isopenicillin N synthase. The barrier for substrate hydroxylation, a reaction formally competing with thiazolidine ring closure is calculated to be 4 kcal/mol higher than for ring closure. This difference in energy can be a dominating factor in determining the selectivity of the final reaction step.
SUMMARY AND CONCLUSION
The calculated potential energy profile can be used for further investigations of reactivity of modified substrates and enzyme mutants. However, such modeling requires a better understanding of substrate interactions with the protein, while still accurately evaluating the reactivity of different substrate molecules. This objective can be achieved by the use of QM:MM models of the IPNS reaction, which is in progress in our laboratory. 
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